Introduction {#Sec1}
============

L-ergothioneine (2-mercaptohistidine trimethylbetaine, C~9~H~15~N~3~O~2~S; ET) was discovered by Charles Tanret in the ergot fungus *Claviceps purpurea*^[@CR1]^. ET exists as a tautomer between the thione and the thiol form (Fig. [1a](#Fig1){ref-type="fig"}), with the thione form dominating at physiological pH, providing greater stability *in vivo* than other low molecular weight thiols such as glutathione^[@CR2]^. Biosynthesis of ET has been described in many fungi^[@CR3]--[@CR5]^ and various bacteria^[@CR6]--[@CR11]^. To date, biosynthesis of ET has not been detected in any animals or higher plants^[@CR12]^. Despite the inability to biosynthesise ET, various animal and human tissues have been shown to accumulate ET at high concentrations^[@CR12]--[@CR14]^. This uptake of ET from dietary sources was found to be due to the transporter OCTN1 (organic cation transporter novel type-1) encoded by *SLC22A4*^[@CR14]^. Silencing the *SLC22A4* gene was shown to prevent ET uptake in murine tissues^[@CR15]^.Figure 1Structure of ergothioneine (ET) and its possible metabolites. (**a**) ET exists predominantly in the thione form at physiological pH. Putative metabolic derivatives of ET -- (**b**) hercynine, (**c**) ET sulfonate (ET-SO~3~H), and (**d**) S-methyl ET.

ET has been found at high levels in many foods, but levels are especially high in mushrooms where it can be synthesized^[@CR16]--[@CR18]^. In the body, the erythrocytes, bone marrow, liver, kidney, seminal fluid and the lens of the eyes are claimed to be rich in ET, possibly due to their predisposition to oxidative stress^[@CR14],[@CR19]--[@CR22]^. The high retention and long turn-over could be due to renal reabsorption and low urinary excretion^[@CR13]^. Surprisingly, even with such avid retention and nearly ubiquitous distribution throughout the body, there are no reports of symptoms due to ET deficiency, although some studies have demonstrated a predisposition to stress^[@CR12]^.

Although the physiological function of ET has yet to be fully established (reviewed in^[@CR12]^ and^[@CR23]^), many *in vitro* studies have demonstrated the ability of ET to scavenge hydroxyl radicals, hypochlorous acid, peroxynitrite^[@CR24]^, and singlet oxygen^[@CR25]^, modulate inflammatory responses^[@CR26]--[@CR28]^ and protect against UV and gamma radiation^[@CR29]--[@CR31]^. Conversely, OCTN1 knockout mice are more prone to oxidative stress^[@CR15]^. Our previous work demonstrated that ET accumulates in the fibrotic liver of a guinea pig model of non-alcoholic fatty liver disease, which correlates with the progression of liver damage, suggesting a possible stress response by the injured tissue to suppress oxidative damage and delay further tissue injury^[@CR23],[@CR32]^. Other studies have shown that ET can protect neurons both *in vitro* and *in vivo* against a range of stressors^[@CR33],[@CR34]^, and declining blood levels of ET levels in subjects with mild cognitive impairment^[@CR35]^ and Parkinson's disease^[@CR36]^, suggest that ET could be a factor for neuroprotection. Hence, there is growing interest in ET as a potential therapeutic compound for various conditions^[@CR37]--[@CR39]^.

Despite the established free radical scavenging properties of ET, little is known about its oxidation products. Servillo *et al*.^[@CR40]^ investigated the possible oxidation products of ET and suggested that hercynine (Fig. [1b](#Fig1){ref-type="fig"}) and ET sulfonate (Fig. [1c](#Fig1){ref-type="fig"}; ET-SO~3~H) are the stable oxidation products of ET. Hercynine is also known to be an intermediary precursor of the ET biosynthetic pathway in the bacterial and fungal organisms mentioned earlier. S-methyl ET (Fig. [1d](#Fig1){ref-type="fig"}) could be generated through the methylation of the sulfur. Hercynine and S-methyl ET have been detected in human blood and urine, with high correlation to ET concentrations in the body^[@CR13],[@CR41]^.

Our previous clinical study investigated the uptake and pharmacokinetics of ET in healthy human subjects, demonstrating that ET is avidly absorbed and retained by the body following oral administration^[@CR13]^, but of course the ability to sample human tissue is limited. The present study expands this work to detail the uptake and distribution of ET and related metabolites in various organs and tissues in the mouse by liquid chromatography tandem mass spectrometry (LC-MS/MS), following oral administration of pure ET over time (Fig. [2](#Fig2){ref-type="fig"}).Figure 2Experimental setup. C57BL6-J mice (n = 7) were orally gavaged with 35 mg/kg (ET+) or 70 mg/kg (ET++) of ET every day for 1, 7 and 28 days. Control mice were gavaged with saline. Mice were euthanized 24 h after the last administration, and organs were harvested.

Results {#Sec2}
=======

Basal ET distribution in mice tissues {#Sec3}
-------------------------------------

Despite not supplementing with ET, tissues of the control mice (administered saline) contained ET. Assessing the tissue ET concentrations of control mice, we found that of the 10 tissues measured (expressed in mass per wet weight of tissue ± standard error), liver had the highest amount of ET (80.65 ± 4.14 ng/mg), followed by whole blood (58.99 ± 2.05 ng/µl blood), spleen (36.45 ± 3.72 ng/mg), kidney (27.61 ± 2.61 ng/mg), lung (19.56 ± 1.46 ng/mg), heart (12.09 ± 1.20 ng/mg), small intestine (7.23 ± 0.86 ng/mg), eye (5.40 ± 0.29 ng/mg), large intestine (4.37 ± 0.93 ng/mg) and brain (3.73 ± 0.59 ng/mg) (Fig. [3a](#Fig3){ref-type="fig"}). As we detected ET in their standard diet (5.63 ± 0.33 ng/mg), we believe that the ET accumulates from the mouse diet, possibly over a long period of time.Figure 3Distribution and accumulation of ET in mouse liver, whole blood, spleen, kidney, lung, heart, small intestine (jejunum/ileum), eye, large intestine, and brain (cortex). (**a**) Basal ET concentration in mice administered with single dose of saline (1-day control), n = 7. (**b**) Maximum ET accumulation in mice fed with 70 mg/kg/day ET for 28 days, n = 7. (**c**) Rate of ET accumulation was determined by calculating the fold change between maximum and basal ET concentrations. All values are expressed with standard error.

ET uptake after oral dosing {#Sec4}
---------------------------

Mice were administered with either saline, 35 mg/kg/day (ET+) or 70 mg/kg/day (ET++) of ET *via* oral gavage, for either 1 day, 7 days or 28 days. The levels of ET in the various tissues were measured by LC-MS/MS and presented in Fig. [4](#Fig4){ref-type="fig"}. After a single dose of ET (1 day, ET++), only the liver and large intestine tissues showed significant increases in tissue ET versus controls, while spleen ET levels decreased. (Fig. [4](#Fig4){ref-type="fig"} and Supplementary Table [1](#MOESM1){ref-type="media"}). After 7 days of feeding, significant increases in ET levels were observed in all the tissues examined (Supplementary Table [1](#MOESM1){ref-type="media"}). Modest increases (about 2-fold with respect to controls) in ET were observed in whole blood, brain, eye, heart and spleen, meanwhile liver, kidney, lung and intestinal tissue levels were considerably higher (Fig. [4](#Fig4){ref-type="fig"}). To ensure accurate measurement, intestinal content had been completely washed away before analysis of the small and large intestinal tissues.Figure 4Uptake and accumulation of ET in various mouse tissues. (**a**--**j**) Mice (n = 7) were orally administered with either saline, 35 mg/kg (ET+) or 70 mg/kg (ET++) of ET per day for 1, 7 or 28 days, and 10 tissues (liver, whole blood, spleen, kidney, lung, heart, small intestine (jejunum/ileum), eye, large intestine, and brain) were harvested and ET concentration measured by LC-MS/MS. Spleen, kidney, and lung data were corrected for blood ET contribution. (**k**) RT-PCR of OCTN1 mRNA expression in liver of mice fed with saline (Control) or 70 mg/kg/day ET (ET++) for 1 and 28 days (n = 7); Two-tailed Mann-Whitney test \*\*p \< 0.01. All values are expressed with standard error.

Statistical analysis revealed that 35 mg/kg/day ET for 7 days is sufficient to bring about a modest but significant elevation in ET levels in most tissues (Supplementary Table [2](#MOESM1){ref-type="media"}), while 70 mg/kg/day ET for 7 days effectively doubles the amount of ET accumulated in all tissues except the spleen (Fig. [4](#Fig4){ref-type="fig"}). We noted that the control animals after 28 days of feeding had small but significantly higher ET levels in whole blood and kidney than the 1 and 7 days animals (Fig. [4](#Fig4){ref-type="fig"}, Supplementary Table [2](#MOESM1){ref-type="media"}). In addition, there was no statistical difference between the low and high ET dose in all tissues except the liver and eye (Supplementary Table [3](#MOESM1){ref-type="media"}).

Maximal accumulation of ET in tissues {#Sec5}
-------------------------------------

Interestingly, peak ET accumulation was reached in some tissues as ET levels plateaued by 28 days of feeding at both ET concentrations (Fig. [4](#Fig4){ref-type="fig"}). ET levels in small intestine (jejunum/ileum) and large intestine seems to have reached their maximal levels after 7 days of ET+ dosing, while liver and lung required 7 days of ET++ dosing to reach their maximum concentration, with all having no significant differences compared to ET levels at 28 days of feeding (Fig. [4](#Fig4){ref-type="fig"}, Supplementary Table [2](#MOESM1){ref-type="media"}). We also evaluated the mRNA expression of the ET transporter, OCTN1, in the liver after 1 and 28 days administration, and found that OCTN1 expression was reduced after a single dose of ET++ (Fig. [4k](#Fig4){ref-type="fig"}). However, there was no significant difference in OCTN1 mRNA expression between control and ET++ groups at 28 days (Fig. [4k](#Fig4){ref-type="fig"}).

We analysed the maximal ET accumulation in other tissues at high dose (ET++) for 28 days and found that, like ET tissue distribution in control animals, the liver and whole blood remain as the highest reservoirs for ET accumulation (Fig. [3b](#Fig3){ref-type="fig"}). Compared to basal condition, the kidney has greater accumulation of ET than spleen (Fig. [3b](#Fig3){ref-type="fig"}). Of all tissues, the kidney has the greatest overall increase in ET concentration with a 4.8-fold increase in kidney ET at 28 days of high dose (ET++) relative to control, while liver and whole blood of the same group only increased by 2.5- and 3.3-fold relative to control animals (Fig. [3c](#Fig3){ref-type="fig"}).

Contribution of blood in measuring tissue ET and hercynine levels {#Sec6}
-----------------------------------------------------------------

Since erythrocytes are known to accumulate ET, whole blood hemoglobin levels were measured as an indicator of total erythrocytes and found to be fairly constant between the mice (Supplementary Data [1a](#MOESM1){ref-type="media"}), with no significant correlations with whole blood ET (Supplementary Data [1b](#MOESM1){ref-type="media"}), suggesting that any ET accumulation in whole blood is not due to an increase in the number of erythrocytes.

As whole blood possesses high levels of ET, we investigated whether the ET detected in the tissues was present within the tissue itself or resulted from blood remaining in the tissue after washing. Several samples of liver and brain tissues were used to estimate the amount of blood contamination via fluorescent quantification of hemoglobin (Supplementary Table [4](#MOESM1){ref-type="media"}). We calculated that only minute amounts of blood were present in the liver and brain tissue, and after adjusting for this, the resulting ET levels were only slightly reduced by 1% and 5% respectively (Supplementary Table [4](#MOESM1){ref-type="media"}). As the lungs, spleen and kidneys are known to be highly vascularized, we measured the blood content in these tissues, and found their hemoglobin levels to be fairly consistent between the samples (Supplementary Data [2](#MOESM1){ref-type="media"}). As a result, we observed that after subtracting the ET or hercynine from contaminating blood, there is no significant difference in the pattern of ET or hercynine accumulation (Supplementary Data [2](#MOESM1){ref-type="media"}). We calculated that blood ET contributed approximately 33%, 24%, and 13% for total lung, spleen and kidney ET respectively, while blood hercynine contributed approximately 19% for lung and spleen, and 13% for kidney (Supplementary Data [2p](#MOESM1){ref-type="media"}). Hence, all lung, spleen, and kidney ET and hercynine data reported in this paper are corrected for blood contamination.

Tissue distribution of hercynine, ergothioneine sulfonate and S-methyl ergothioneine {#Sec7}
------------------------------------------------------------------------------------

Hercynine was detectable in all the tissues studied (Fig. [5a](#Fig5){ref-type="fig"}). We found that basal hercynine levels were approximately 100 times lower than ET concentrations in the respective tissues. Like ET, the highest levels of hercynine were found in liver (869.10 ± 76.53 pg/mg), followed by whole blood (544.53 ± 21.02 pg/µl), spleen (368.92 ± 22.13 pg/mg), kidney (184.81 ± 22.45 pg/mg), lung (219.11 ± 36.63 pg/mg), heart (146.24 ± 21.27 pg/mg), small intestine (jejunum/ileum; 76.33 ± 8.09 pg/mg), large intestine (72.90 ± 16.88 pg/mg), eye (27.26 ± 2.21 pg/mg) and brain (15.62 ± 3.84 pg/mg) (Fig. [5a](#Fig5){ref-type="fig"}). We tabulated the ratio of ET to hercynine concentrations, and discovered that while most of the tissues have a ratio of 100:1, brain and eye have much lower levels of hercynine with a ratio of about 200:1, while large intestine and lung had a ratio of about 60:1 (Fig. [5a](#Fig5){ref-type="fig"}).Figure 5Basal tissue distribution of ET related metabolites in mice fed with single dose of saline (1-day control), n = 7. (**a**) Hercynine and ratio of ET to hercynine concentration, (**b**) ET-SO~3~H concentrations, and (**c**) S-methyl ET concentrations. All values are expressed with standard error.

Despite being a potential oxidation product of ET, ergothioneine sulfonate (ET-SO~3~H) was only detectable in 7 of the 10 tissues measured (Fig. [5b](#Fig5){ref-type="fig"}). Interestingly, even though the liver and whole blood have the highest amount of ET, ET-SO~3~H was not detectable in the liver and present at very low levels in whole blood. In addition, no ET-SO~3~H was detectable in the eye and brain. Highest levels of ET-SO~3~H were found in the lung (337.45 ± 68.71 pg/mg) and spleen (226.23 ± 25.21 pg/mg), while the concentrations in the remaining tissues fall within the range of 10 to 37 pg/mg or pg/µl (Fig. [5b](#Fig5){ref-type="fig"}).

On the other hand, S-methyl ET was detectable in all tissues except the spleen and heart (Fig. [5c](#Fig5){ref-type="fig"}). Highest levels of S-methyl ET were found in the liver (81.23 ± 8.80 pg/mg), followed by lung (23.01 ± 1.41 pg/mg), with the concentrations in other tissues ranging from 4 to 10 pg/mg or pg/µl (Fig. [5c](#Fig5){ref-type="fig"}).

Levels of hercynine, ergothioneine sulfonate and S-methyl ET following ET administration {#Sec8}
----------------------------------------------------------------------------------------

Interestingly, after a single dose of ET, we noted a decrease in hercynine levels in whole blood and spleen, but an increase in the large intestine (Fig. [6](#Fig6){ref-type="fig"}). However, after 7 days of ET administration, whole blood hercynine levels were similar to the control mice, while spleen hercynine levels still remained lower than controls. With continued administration, hercynine levels began to increase in most tissues, and like ET, appeared to peak by 28 days. Hercynine concentrations in the small intestines (jejunum/ileum) plateaued after 7 days, while that of large intestine were noticeably high from the first day (Fig. [6](#Fig6){ref-type="fig"}). Notably, despite having the lowest basal levels of hercynine, brain hercynine levels significantly increased with ET administration, reaching 5 to 6-fold of the controls after 28 days, which was not observed in any other tissue examined (Fig. [6j](#Fig6){ref-type="fig"}).Figure 6Accumulation of hercynine in mouse tissues. (**a**--**j**) As per ET concentration quantified in Fig. [4](#Fig4){ref-type="fig"}, hercynine levels were determined simultaneously by LC-MS/MS in liver, whole blood, spleen, kidney, lung, heart, small intestine (jejunum/ileum), eye, large intestine, and brain. Spleen, kidney, and lung hercynine data were corrected for blood hercynine contribution. All values are expressed with standard error.

ET-SO~3~H concentrations were found to be decreased in whole blood, spleen and lung after the first dose of ET (Fig. [7](#Fig7){ref-type="fig"}). Spleen ET-SO~3~H levels were further decreased at 7 days, but returned to levels found in control mice after 28 days. Whole blood, heart and intestinal ET-SO~3~H levels appeared to increase after 7 and 28 days ET administration. Despite having high levels of ET-SO~3~H, lung ET-SO~3~H levels did not show any clear trends with respect to the frequency and dosage of ET. Following kidney ET levels, kidney ET-SO~3~H levels significantly increased after 7 and 28 days ET administration (Fig. [7](#Fig7){ref-type="fig"}).Figure 7Accumulation of ergothioneine sulfonate (ET-SO~3~H) in mouse tissues. (**a**--**g**) Similar to hercynine, ET-SO~3~H levels were quantified by LC-MS/MS in whole blood, spleen, kidney, lung, heart, small intestine (jejunum/ileum), and large intestine. All values are expressed with standard error.

S-methyl ET followed a similar tissue accumulation trend with that of ET (Fig. [8](#Fig8){ref-type="fig"}), with tissue levels of S-methyl ET increasing after 7 and 28 days of ET administration. S-methyl ET levels in the liver and kidney increased after a single dose of ET, and continued to increase significantly in kidney after 7 and 28 days of treatment. Except for the liver, no significant differences in tissue S-methyl ET were seen between the low and high doses of ET.Figure 8Accumulation of S-methyl ET in mouse tissues. (**a**--**h**) Similar to hercynine, S-methyl ET levels were quantified by LC-MS/MS in whole blood, spleen, kidney, lung, heart, small intestine (jejunum/ileum), and large intestine. All values are expressed with standard error.

Correlation of ET with hercynine, ergothioneine sulfonate and S-methyl ET {#Sec9}
-------------------------------------------------------------------------

We noticed that the concentration of the suggested ET metabolites followed similar trends to that of ET in the various tissues, and therefore examined any correlations between them (Fig. [9](#Fig9){ref-type="fig"}, Supplementary Data [3](#MOESM1){ref-type="media"}). Using all collated data, we found that ET levels correlates well with hercynine in whole blood, kidney, heart and lung (Fig. [9a--d](#Fig9){ref-type="fig"}), while S-methyl ET correlate well with liver, eye and lung ET (Fig. [9e--g](#Fig9){ref-type="fig"}). On the other hand, ET-SO~3~H levels were only found to correlate with whole blood and kidney ET (Fig. [9h and i](#Fig9){ref-type="fig"}). We also tabulated the correlation between whole blood ET and the rest of the organs and found that other than lung and the intestines, blood ET correlates well with ET levels in other tissues (Supplementary Data [3](#MOESM1){ref-type="media"}).Figure 9Correlation of ET concentration with hercynine, ET-SO~3~H, and S-methyl ET. Other correlations can be found in Supplementary data [3](#MOESM1){ref-type="media"}. (**a**--**d**) Correlation of whole blood, kidney, heart and lung ET to hercynine. (**e**--**g**) Correlation of liver, eye and lung ET to S-methyl ET. (**h**--**i**) Correlation of whole blood and kidney ET to ET-SO~3~H. All values are expressed with standard error.

Discussion {#Sec10}
==========

Some studies into the tissue distribution of ET were undertaken in the 1950--1980s (extensively reviewed in^[@CR12]^). However, these mainly utilised chemical assays, or at best UV-liquid chromatography quantification, to estimate tissue ET levels, methods which lack sensitivity and specificity^[@CR12]^. To our knowledge, our study is the first to examine the uptake and distribution of ET in mouse tissues before and after oral administration of pure ET (Tetrahedron, France), and utilising LC-MS/MS to accurately quantify the accumulation of ET over time. The higher sensitivity of the instrument allows the detection of ET in tissues such as murine brain and human plasma^[@CR13]^, which could not be detected in the past^[@CR19]^.

Given that the average mass of a mouse is 20 g, the mice were fed about 0.7 mg and 1.4 mg of ET per day, corresponding to 35 mg/kg/day and 70 mg/kg/day, respectively. Many groups found that ET levels in mushrooms vary considerably, with a median value of about 1 mg/g^[@CR18]^. To put this into perspective, this equates to around 0.7--1.4 g of mushrooms, or about 3.5% to 7% total body mass of an average mouse per administration. Nonetheless, even at such high doses no negative side effects of ET were noted in the animals. The levels of ET in the chow are low, and given that C57B6J mice consumed about 4 grams of food per day^[@CR42]^, the amount of ET from the mice chow is very low compared to the amount we administered. Nevertheless, significant basal levels were present, consistent with efficient uptake and accumulation of ET.

Basal ET levels were found to be highest in the liver and whole blood, being approximately 10 to 20-fold higher levels than the brain and eye, suggesting that these tissues may be a primary reservoir for ET in the body. Due to the small volume of blood collected, we were unable to separate the blood plasma from the erythrocytes. Nevertheless, our human studies^[@CR13]^ and others^[@CR43],[@CR44]^ demonstrated that in blood, ET is predominantly present in the erythrocytes rather than in the plasma. As discussed by Cheah & Halliwell^[@CR12]^, ET is suggested to be preferentially distributed in tissues that are exposed to high degrees of oxidative stress. The high levels of ET accumulated in liver and erythrocytes may have a pivotal role in protecting cells from oxidative damage. For instance, earlier studies found that ET reduces ferrylmyoglobin into metmyoglobin, thus inhibiting lipid peroxidation and protected against tissue injury during ischemia/reperfusion^[@CR45],[@CR46]^. Furthermore, ET can lower nitrite-induced oxidation of haemoglobin in isolated rabbit blood^[@CR47]^. Another study suggested that ET may also play a role in erythropoiesis^[@CR48]^. Nonetheless, despite the lack of an established function of ET, the avid accumulation and retention suggests the importance of this compound, which may help maintain the metabolic activity and protect against potential oxidative damage in tissues.

The ET uptake by different tissues varied greatly in both overall accumulation (i.e. 1.7-fold increase in spleen, relative to 4.8-fold in the kidney after 28 days), and rate of uptake (accumulation in liver and lung reached peak levels prior to the brain and heart). Only the liver and large intestine showed significant ET elevations after a single administration, which suggests that the liver preferentially stores ET following intestinal absorption, even prior to erythrocyte accumulation. Interestingly, a recent study in a mouse model of chronic kidney disease revealed that these animals had lower intestinal absorption of ET, which led to a significant decline in blood ET but not liver ET levels^[@CR49]^. This suggests that the body preserves liver ET levels.

The rapid accumulation in the large intestine highlights the possible importance of ET in the body to warrant such a response. After administration for 7 days, all tissues demonstrated a two-fold or greater increase in the amount of ET. These data will be valuable for determining dosage of ET to be used in future studies.

Despite doubling the amount of ET administered between low and high dose (35 to 70 mg/kg/day), no significant differences in ET accumulation were observed, except in the liver and eye. This could be due to variation in ET absorption between the animals resulting from variations in OCTN1 expression. Alternatively, the ET accumulation might not be homogenous throughout the organs, hence differing sections of the tissue cut for ET quantification may affect the results to some extent. Dose-dependent accumulation of ET in the eye could suggest an important role in providing protection, since oxidative stress in the eye is common in ocular diseases^[@CR50],[@CR51]^. Antioxidants such as resveratrol have been tested on various eye diseases^[@CR52]^, but no studies have been done with ET. ET can be found at different concentrations in various parts of bovine and porcine ocular tissues^[@CR20]^, and one study showed that ET can protect corneal endothelial cells against oxidative stress and unfolded protein response^[@CR53]^.

Due to difficulties in obtaining a urine sample at specific time points, the excretion of ET was not determined in this project, and hence little is known about the retention of ET by the mice. However, high accumulation of ET in the large intestine, as well as the significant rate of accumulation of ET in the kidney may imply that ET is avidly absorbed and retained by the body. Similarly, other studies have shown that ET is avidly retained by cells and tissues with minimal excretion due to renal reabsorption^[@CR15]^. Our ET human studies revealed minimal excretion of ET in urine, indicating that ET is predominantly retained by the body after oral administration^[@CR13]^. In rats, the *in vivo* half-life of ET was determined to be around one month^[@CR48]^.

Despite the rapid ET accumulation in liver, lung, small intestine (jejunum/ileum) and the colon, it appears that these tissues became saturated after repetitive doses for one week, with no further increase in ET with administration up to 28 days. Without an earlier timepoint, it may be possible that the uptake has reached peak levels before the 7^th^ day. Although the initial (after a single dose) decrease in mRNA expression of the ET transporter OCTN1 in the liver, the expression levels returned to normal (same as controls) after 28 days. Hence, even with normal OCTN1 expression levels, the lack of further increase in ET uptake after 28 days may suggest an equilibrium has been reached between the uptake and excretion and/or utilisation of ET by the liver.

ET was also found to accumulate in the brain (cortex), albeit at much lower levels compared to the other organs (likely due to the slower passage through the blood brain barrier). Nevertheless, the 2.9-fold increase in ET levels after 28 days of administration relative to controls, suggests a slow but gradual accumulation of ET, with no certainty that a peak was reached in this time. The function of ET in the brain is uncertain, however OCTN1 expression had been observed in the brain and various neuronal cells^[@CR54],[@CR55]^. The ability of ET to permeate the blood brain barrier could indicate a functional role of ET in the central nervous system and neurons. ET had been demonstrated to protect rat pheochromocytoma cells against β-amyloid-induced cell death^[@CR56]^, as well as protect neurons from N-methyl-D-aspartate excitotoxicity^[@CR33]^. Also, ET could be important for mouse neuronal differentiation^[@CR57]^. Our recent study demonstrated that blood levels in mild cognitively impaired subjects were significantly lower than age-matched healthy individuals^[@CR35]^, and likewise a study in Parkinson's disease patients revealed lower levels of serum ET^[@CR36]^. Taken together, these could suggest that ET may play a protective role in the brain.

The drop in ET levels in the spleen upon a single administration remains a mystery. As a major organ for lymphocytes development and erythrocytes homeostasis, the spleen has been known to accumulate ET^[@CR58],[@CR59]^. Since ET is found in high concentrations in erythrocytes, the spleen could be a site for the recycling of ET from worn out cells.

While OCTN1 transports primarily ET^[@CR14]^, it has been shown to transport hercynine at a 25-fold lower rate than ET^[@CR60]^. It is currently unknown if it can transport the other metabolites of ET. Of the three ET-related metabolites assessed, only hercynine was detectable and quantifiable in all the tissues analysed, and displayed significant correlation with ET concentrations in the respective tissues. This likely indicates that hercynine is indeed a metabolic product of ET in the body, as was similarly observed in our human study^[@CR13]^. Hercynine is known to be a precursor in ET biosynthesis, and some groups have postulated that hercynine is an intermediate product in the oxidation pathway of ET^[@CR40],[@CR61]^. In particular, Sevillo *et al*. hypothesised that the oxidation of ET involves either a disulfide intermediate (similar to glutathione and glutathione disulfide), which is hydrolysed back to ET, generating ET-SO~3~H and hercynine as end products, or ET is directly oxidized into ET-SO~3~H as a stable end product^[@CR40]^. However, in our present study, the accumulation of ET does not always correlate with the levels of these suggested oxidative products. For example, the liver had the highest amount of ET and yet had no quantifiable levels of ET-SO~3~H, while lung and spleen which had moderate levels of ET had the highest levels of ET-SO~3~H. Likewise, in the brain, despite having the lowest levels of tissue ET, there was an appreciable elevation in hercynine levels (far more than any other tissue). This poses a question as to how ET-SO~3~H or hercynine are generated in the lung, spleen and brain, and whether the conditions favor the accumulation of particular oxidation products. These tissues can be exposed to high levels of oxidative stress, which may explain the appreciable increase in the putative oxidation products.

Little is known regarding the formation of S-methyl ET. This metabolite could be easily detected in human blood and urine^[@CR13]^, and most of the mouse tissues measured (except spleen and heart). S-methyl glutathione can form by reaction between glutathione and methyl halides involving glutathione-S-transferase^[@CR62]^. To date however, no mechanism or enzymes are known to facilitate the methylation of ET.

Conclusion {#Sec11}
==========

Our study presents the first data investigating the uptake of pure ET and distribution in various tissues and organs of the mouse using modern methodology. As with our previous human study^[@CR13]^, these data showed that ET is well retained in the blood, and also indicates possible reabsorption by the kidneys, demonstrating the accumulation and retention by the body of this compound. While ET was highly accumulated in all tissues, a maximal accumulation in ET levels was observed in many tissues. The ability of ET to cross the blood brain barrier and accumulate in the brain tissues following oral consumption, highlights a possible function in the brain and also makes this compound a viable candidate for studies into neurodegenerative disorders. Overall our study provides a strong basis for future research into this unique compound, especially with respect to therapeutic efficacy in human disease and animal models of them.

Material and Methods {#Sec12}
====================

Chemicals and reagents {#Sec13}
----------------------

L-ergothioneine (ET; purity \> 98%), ET sulfonate (ET-SO~3~H), L-hercynine, S-methyl ET, and heavy-labelled L-ergothioneine-d9 (ET-d9) and L-hercynine-d9 were provided by Tetrahedron (Paris, France; [www.tetrahedron.fr](http://www.tetrahedron.fr)). Stock solutions (1 mM) were prepared in ultrapure water (Arium pro, Sartorius AG, Gottingen, Germany) and stored at −20 °C. HPLC-grade acetonitrile and methanol, and MS graded formic acid were purchased from Fisher (Hampton, USA), GC-grade acetone from Tedia (Fairfield, USA), Triton X-100 from USB corporation (Cleveland, USA), and phosphate buffered saline (PBS)from Lonza (Basel, Switzerland). All other chemicals were obtained from Sigma - Aldrich (St Louis, USA) unless otherwise stated.

Animal studies {#Sec14}
--------------

Male C57BL6-J mice (Comparative Medicine Centre for Animal Resource, National University of Singapore) were housed randomly four to five per cage and allowed water and standard mice chow *ad libitum* in a barrier animal facility with a 12-hour light-dark cycle. Animals were cared for in accordance with criteria from the National University of Singapore, Institutional Animal Care and Use Committee (NUS IACUC). All the procedures were approved by the NUS IACUC, protocol number 082/12. All experiments were performed accordance with NUS guidelines and regulations.

Administration of ET and collection of tissues {#Sec15}
----------------------------------------------

Mice (n = 7) were administered with either saline (0.9% *w/v* sodium chloride; control), 35 mg (ET+) or 70 mg (ET++) of ET (dissolved in saline) per kilogram bodyweight per day for a period of either 1 day, 7 days or 28 days, via oral gavage (Fig. [2](#Fig2){ref-type="fig"}). Mice were euthanised by CO~2~ asphyxiation 24 h after the final ET administration, followed immediately by cardiac puncture to collect whole blood in EDTA tubes. Whole blood aliquots (50 µl) were stored at −80 °C. Various organs were excised and washed with PBS, and then deionized water before snapped frozen in liquid nitrogen and stored at −80 °C. A portion of the liver tissue was kept in RNAlater solution (Life Technologies, CA, USA) at −20 °C to preserve RNA for extraction at a later point.

Whole blood sample preparation for ET measurement {#Sec16}
-------------------------------------------------

Aliquots of whole blood were thawed on ice and vortexed briefly to ensure homogeneity. 10 µl of whole blood were mixed with ET-d9 and hercynine-d9 internal standards and ultrapure water to 100 µl final volume. Samples were heated at 80 °C for 15 min to release protein-bound ET, then clarified by protein precipitation with 500 µl of cold acetone overnight at −20 °C. The precipitate was removed by centrifugation (20,000 *g*) and the supernatant was evaporated under a stream of N~2~, and reconstituted in ultrapure water. Samples were centrifuged to remove any debris before transferring into silanized glass inserts with vials (Agilent CrossLab) for LC-MS/MS analysis.

Tissue sample preparation for ET measurement {#Sec17}
--------------------------------------------

Liver, brain (cortex), kidney, spleen and lung tissues were thoroughly washed in PBS and rinse in deionized water before snapped frozen. About 5--10 mg were homogenised with a motorized pellet pestle (Sigma-Aldrich) in 150 µl of deionized water containing internal standards. After homogenization, 750 µl of ice-cold methanol were added and vortexed for at least 30 s before incubating the samples overnight at −20 °C. The samples were centrifuged and supernatants were evaporated under a stream of N~2~, before reconstituting in ultrapure water. Any debris was removed by centrifugation before transferring to glass inserts for LC-MS/MS analysis.

For eye extraction, the whole eye was weighed and homogenized in ultrapure water. For the heart tissues, whole heart was first thawed and cut along the septum on a chilled plate, and washed thoroughly in PBS to remove excess blood. The tissue was then rinsed in deionized water before snap-freezing in liquid N~2~ and ground into fine powder using a mortar and pestle. About 5 mg of powdered tissue was accurately weighed before homogenization. For the small intestine (jejunum/ileum) and colon, a 1 cm portion was cut longitudinally and washed in PBS to remove all intestinal content before weighing and homogenization for analysis. All metabolites levels were normalised against the mass of tissue used, and expressed in mass per wet weight of tissue ± standard error.

Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis {#Sec18}
------------------------------------------------------------------

LC-MS/MS was carried out using an Agilent 1200 LC System coupled to an Agilent 6460 ESI tandem mass spectrometer. Samples were kept at 10 °C in the autosampler. 2 µl of the processed samples were injected into a Cogent Diamond-Hydride column (4 µm, 150 × 2.1 mm, 100 Å; MicroSolv Technology Corporation) maintained at 30 °C. Solvent A was acetonitrile in 0.1% formic acid, and Solvent B was 0.1% formic acid in ultrapure water. Chromatography was carried out at a flow rate of 0.5 ml/min using the following gradient; 1 min of 20% solvent B, following by a 3 min gradient increase of solvent B to 40% to elute ET-SO~3~H and ET. To elute hercynine and S-methyl ET, solvent B was increased to 90% in 1 min, and maintained for 3.5 min before returning to 20% for 3.5 min to re-equilibrate the column. The total run time was 12 min. The retention times for ET-SO~3~H, ET, hercynine and S-methyl ET were 3.6, 4.2, 6.8 and 6.9 min, respectively.

Mass spectrometry was carried out under positive ion, electrospray ionization mode, using multiple reaction monitoring (MRM) for quantification of specific target ions. Capillary voltage was set at 3200 V, and gas temperature was kept at 350 °C. Nitrogen sheath gas pressure for nebulizing sample was at 50 psi, and gas flow set at 12 L/min. Ultra-high purity nitrogen was used as collision gas. Precursor to product ion transitions and fragmentor voltages (V)/collision energies (eV) for each compound were as follows: ET; 230.1 → 186, 103 V/9 eV, ET-d9; 239.1 → 195.1, 98 V/9 eV, Hercynine; 198.1 → 95.1, 94 V/21 eV, Hercynine-d9; 207.2 → 95.1, 97 V/21 eV, S-methyl-ET; 244.1 → 141, 92 V/17 eV, and ET-SO~3~H; 278.1 → 154.1, 120 V/15 eV.

Whole blood hemoglobin assay {#Sec19}
----------------------------

Hemoglobin concentrations in whole blood were determined using the alkaline hematin method. Briefly, whole blood samples were diluted 100 × in Alkaline Hematin Detergent-575 (AHD-575) reagent (2.5% Triton X-100 in 0.1 M NaOH). The absorbance at 575 nm was measured on a Synergy H1 microplate reader (BioTek, VT, USA). A standard curve was generated by dissolving pure hemin (Sigma) in AHD-575 reagent and hemoglobin concentrations were calculated based on the ratio of 4 hemes per hemoglobin molecule.

Tissue hemoglobin assay {#Sec20}
-----------------------

As the alkaline hematin assay is not sensitive enough to determine tissue hemoglobin content, we utilized a heme fluorescence assay adapted from Sinclar *et al*.^[@CR63]^ to estimate the amount of blood in tissues by measuring the amount of porphyrin. 2--5 mg of tissues were accurately weighed and homogenized in 150 µl of PBS. The samples were centrifuged (5000 *g*, 10 min, 4 °C) before transferring the supernatant into new tubes. Equal volumes of diluted samples were mixed with warmed 2 M oxalic acid and heated at 97 °C for 30 min. Samples were cooled to room temperature before determining the fluorescence (Ex/Em: 407/606 nm) on a Synergy H1 microplate reader. A standard curve was generated by dissolving pure hemoglobin (bovine) in PBS and following the same treatment as the samples. Background fluorescence was accounted for using a set of sample blanks generated by repeating the experiment without heating. The method was also applied to whole blood for a more accurate tabulation of tissue blood content.

Gene expression analysis on mice liver {#Sec21}
--------------------------------------

All extraction and assay kits were purchased from Qiagen (Hilden, Germany) unless otherwise stated, and all procedures were performed according to the manufacturer's protocol. RNA from liver samples kept in RNAlater solution was extracted using the RNeasy Mini kit with on-column DNase. Extracted RNAs were quantified and checked by 260/280 nm measurement using the Synergy H1 spectrophotometer with Take 3 microvolume plate (BioTek, VT, USA). Reverse-transcription PCR (RT-PCR) was performed using OneStep RT-PCR kit, and bands resolved on a 2% agarose gel and visualised with GelRed dye (Biotium, CA, USA). Bands were imaged on a Chemidoc (Bio-Rad, CA, USA) and densitometrically quantified using ImageJ software.

Statistical analysis {#Sec22}
--------------------

Data were tabulated by using Microsoft Excel (Microsoft Corporation, WA, USA). Statistical analyses were done by Graphpad Prism version 6 (Graphpad, CA, USA). Data are expressed as mean -- standard error of the mean, with p \< 0.05 considered statistically significant. Pearson's correlation coefficient was used to calculate associations between variables with p \< 0.05, indicating significance of the correlation coefficient.
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